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212Pb-BCY20603 is a Bicycle Radionuclide ConjugateTM (BRCTM), 
which comprises a bicyclic peptide that binds with high affinity to 
the tumor antigen MT1-MMP and a chelate of Lead-212, a potent 
alpha particle emitting radioisotope. 212Pb-BCY20603 shows tumor 
targeting in rodent tumor xenograft studies, with radioactivity levels 
of >45% injected dose per gram (ID/g) 24 hours post injection. It is 
well tolerated and in rodent efficacy studies, shows potent anti-
tumor activity after a single dose of 5 μCi. Complete tumor 
regressions were seen after 3 dosing cycles of 10 μCi, given two 
weeks apart, with no tumor regrowth at the end of the 100-day 
study.

Potent anti-tumor activity of a Lead-212 
labelled MT1-MMP targeting Bicycle 
Radionuclide ConjugateTM

Abstract

212Pb-BCY20603 is well tolerated up to 40μCi as a single 
dose

Administration of 212Pb-BCY20603 led to increased survival 
at all doses tested
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Introduction

Results

Figure 5: Anti-tumor activity of 212Pb-BCY20603 in HT1080 tumor carrying athymic 
nude mice. Groups were treated with 212Pb-BCY20603 at doses of 1x5 µCi, 1x10 µCi, 
3x5 µCi or 3x10 µCi (dosing cycles 2 weeks apart). N = 8-10 animals per group. 

• 212Pb-BCY20603 binds to MT1-MMP with high affinity

• Tumor targeting of 212Pb-BCY20603 has been demonstrated in 
mice, with activity levels >45% ID/g after 24 hours and a tumor to 
kidney ratio of >1.

• 212Pb-BCY20603 is well tolerated up to 40μCi in single dose 
mouse DRF studies and shows potent anti-tumor activity

• Complete tumor regressions were seen in mouse xenograft 
groups dosed with 3x10 µCi, dosing every 2 weeks

• To our knowledge, this is the first example of anti-tumor activity 
demonstrated with an MT1-MMP targeting radio conjugate

• We believe these data indicate that Bicycles are well suited for 
selective delivery of radionuclide payloads to tumors

Conclusions

Median survival was increased for 
each dosing group. 90% survival 
was seen for the highest dose group 
which were treated with 3 cycles of 
10 µCi 212Pb-BCY20603 every two 
weeks.

In an in vivo efficacy study in mice, 212Pb-BCY20603 showed potent 
anti-tumor activity. Tumor shrinkage was seen in groups treated 
with 212Pb-BCY20603 at 1x5 µCi, 1x10 µCi, and 3x5 µCi 
(2-week dosing intervals). Animals dosed with 3x10 µCi showed 
complete tumor regressions and 6/10 animals were tumor free or 
regressing at the end of the 100-day study.

▶ Table 1: Median survival of animals in each 
dosing group

212Pb-BCY20603 shows potent anti-tumor activity in an 
MT1-MMP expressing xenograft model

212Pb-BCY20603 shows rapid and homogeneous tumor
microdistribution

212Pb-BCY20603 shows activity levels of >45% ID/g 24 
hours post injection

Figure 1: In vivo distribution of 212Pb-BCY20603 in athymic nude female mice 
carrying subcutaneous HT1080 tumors: 10μCi of drug was administered and organs 
were collected from 5 mice per timepoint: 1 hour, 4 hours and 24 hours post 
injection. The tissue uptake is expressed as %ID per gram (n=5).
The background was automatically subtracted from the counts. A 5µl standard is 
used for decay correction. %ID/g was calculated for each organ collected.
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(C) Half-life extending moiety
• Reversible albumin binding motif
• Prolongs circulating half-life of conjugate[5]

(A) MT1-MMP targeting 
Bicycle
• High affinity (5 nM) binding

to tumor antigen  MT1-MMP
• Allows precision

targeting of BRCTM

to tumor cells

HLE

(A)

(C)

(B)

Bicycle Radionuclide ConjugateTM

(BRCTM) 212Pb-BCY20603

• Targeted alpha therapy (TAT) allows selective delivery of 
potent, alpha particle emitting radioisotopes to tumors through 
conjugation of the payload to a tumor antigen targeting molecule

• Bicyclic peptides (Bicycles) are an ideal modality for 
radioisotope delivery: they can achieve high affinity and selective 
binding to the desired tumor target, and their small size (vs 
biologics) allows good tumor penetration for effective payload 
delivery.[1,2]

• Membrane type 1 matrix metalloproteinase (MT1-MMP / 
MMP-14) is an extracellular membrane bound protein which is 
highly expressed in a range of cancers, including breast, non-
small cell lung and gastric cancer, but has relatively low 
expression in healthy tissue. These properties make it an ideal 
target for selective radioisotope delivery. [3]

• Lead-212 is an alpha particle emitting radioisotope. It has a 
decay half-life of 11 hours, which is well suited for small molecules 
and peptides that have short circulating half-lives. 

• Orano Med generate Lead-212 via a chemical production 
process that is robust and economical.[4]
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Alpha imaging of tumor sections at 1- and 4- hours post injection 
shows that 212Pb-BCY20603 is rapidly accumulated in the tumor
with homogeneous distribution. In comparison, a 
Lead-212 labelled MT1-MMP targeting antibody shows very low, 
heterogeneous uptake in the tumor at the same timepoints.

212Pb-BCY20603  shows a favorable biodistribution profile, with 
mean tumor levels of 16, 29 and 51% ID/g at 1, 4 and 24 hours 
respectively and a tumor to kidney ratio >1. (Fig. 1). In comparison, a 
Lead-212 labelled MT1-MMP targeting antibody (212Pb-MT1-MMP-
mAb) shows high radioactivity levels in spleen and lung, with very 
low activity levels in the tumor at all timepoints (Fig. 2). These data 
highlight the potential suitability of Bicycles for targeted delivery of 
Lead-212 to tumors and their advantages over large biologics. 

Figure 2: Comparison of in vivo distribution of 212Pb-BCY20603  and a 212Pb-MT1-
MMP-mAb. Experimental setup as described for Figure 1.
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Figure 6: Survival plot of Athymic nude mice carrying HT1080 tumors and treated 
with 1x5 µCi, 1x10 µCi, 3x5 µCi or 3x10 µCi 212Pb-BCY20603 (2- week dosing 
intervals).
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Figure 3: 212Pb-BCY20603 dose range finding (DRF) study. Compound was given as 
a single IV dose at 10, 20, 30 or 40 μCi to Athymic nude mice. Animals underwent 
daily observations and 3x per week weighing. Animals were sacrificed at 4 weeks or 
when termination criteria were met. N = 5 animals per group. 

212Pb-BCY20603  was well tolerated as a single dose up to 
40 μCi. No body weight loss was seen in groups treated with 10, 20 
and 30 μCi. Although slight body weight loss was observed following 
dosing at 40 μCi, animals recovered quickly. No significant changes 
were observed in hematology readout when compared to vehicle 
treated mice (Student's t-test p>0.05, data not shown). As a 
comparison, the maximum tolerated dose of peptide-based 
somatostatin receptor targeting TAT agent 212Pb-DOTAMTATE was 
found to be 20-40 μCi.[6]
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◀ ▲ Figure 4: Alpha-
imaging of 
212Pb-BCY20603 
(above) and 
212Pb-MT1-MMP-mAb 
(left). Microdistribution
of 212Pb-BCY20603 and 
212Pb-MT1-MMP-mAb 
in cryosectioned
HT1080 xenograft 
tissue samples imaged 
using a high-sensitivity 
Andor iXon Ultra 888 
EMCCD camera. 

(B) Lead-212
• Potent radioisotope payload 

that causes double strand DNA 
breaks through a single alpha 
particle emission
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Abstract

Relapse of chronic lymphocytic leukaemia and non-Hodgkin’s lymphoma after standard of

care treatment is common and new therapies are needed. The targeted alpha therapy with
212Pb-NNV003 presented in this study combines cytotoxic α-particles from 212Pb, with the

anti-CD37 antibody NNV003, targeting B-cell malignancies. The goal of this study was to

explore 212Pb-NNV003 for treatment of CD37 positive chronic lymphocytic leukaemia and

non-Hodgkin’s lymphoma in preclinical mouse models.An anti-proliferative effect of 212Pb-

NNV003 was observed in both chronic lymphocytic leukaemia (MEC-2) and Burkitt’s lym-

phoma (Daudi) cells in vitro. In biodistribution experiments, accumulation of 212Pb-NNV003

was 23%ID/g and 16%ID/g in Daudi and MEC-2 tumours 24 h post injection. In two intrave-

nous animal models 90% of the mice treated with a single injection of 212Pb-NNV003 were

alive 28 weeks post cell injection. Median survival times of control groups were 5–9 weeks.

There was no significant difference between different specific activities of 212Pb-NNV003

with regards to therapeutic effect or toxicity. For therapeutically effective activities, a tran-

sient haematological toxicity was observed. This study shows that 212Pb-NNV003 is effec-

tive and safe in preclinical models of CD37 positive chronic lymphocytic leukaemia and non-

Hodgkin’s lymphoma, warranting future clinical testing.

Introduction

In the USA, chronic lymphocytic leukaemia (CLL) and non-Hodgkin’s lymphoma (NHL)

account for 1.2% and 4.3% of all new cancer incidence, with a combined estimated number of

new cases of approximately 95,000 in 2019 [1, 2]. The standard of care for CLL is chemother-

apy in combination with anti-CD20 antibodies. However, small molecular inhibitors are
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emerging as new therapies. While these regimens are initially effective in inducing responses,

most patients eventually relapse and become refractory to further treatments [3–5]. NHL com-

prises a more heterogeneous group of diseases where treatment varies between subtypes. The

backbone for most patients is chemotherapy combined with anti-CD20 antibodies. Indolent

types of NHL are commonly diagnosed at advanced stage and thus incurable, but median sur-

vival is expected to be 15–20 years [6]. More aggressive subtypes of NHL are curable with

intensive therapies, but patients who experience relapse often have a dismal outcome [7]. Both

for CLL and NHL, new therapies with different mechanisms of actions and targets are needed.

In this study we explore a novel strategy, a targeted alpha therapy (TAT). We have conju-

gated the IgG1 chimeric antibody NNV003 with the chelator TCMC and labelled it with the

alpha-particle generating radionuclide 212Pb (212Pb-NNV003). NNV003 binds with high affin-

ity to CD37 and has been shown to internalise in some cell lines and induce antibody-depen-

dent cellular phagocytosis and antibody-dependent cellular cytotoxicity [8]. CD37 is a

glycosylated transmembrane protein, which has emerged as a therapeutic target in the recent

years. It is highly and selectively expressed by B-lymphocytes and B-cell malignancies [9].

There are currently three CD37 targeting therapies in clinical development [10–13]. One of

these compounds, 177Lu-lilotomab satetraxetan (Betalutin1), applies the β-emitter lutetium-

177 as the cytotoxic payload, and is currently in clinical phase 2b for patients with relapsed fol-

licular lymphoma (NCT01796171) [13]. Unlike NHL, where enlarged lymph nodes and

tumours dominate the clinical picture, CLL more often presents as a disseminated leukemic

disease. In theory, it would be more advantageous to use an α-emitter as the cytotoxic payload

in CLL. Due to the α-particles’ short range of 50–100 μm, the radiation will be more localised

to target cells than β-particles that have a range of 0.05–12 mm. The α-particles’ high LET of

100 keV/μm creates irreparable DNA double strand breaks. Consequently, only 2–3 α-particles

are needed to kill a single cell, compared to 100–1000 low LET β-particles [14]. 212Pb has two

alternative decay pathways through α-emitting daughters, 212Bi or 212Po, and can therefore be

used as an in vivo generator of α-particles [15].

The anti-tumour efficacy of 212Pb has been demonstrated in preclinical studies; in several

animal models of peritoneal cancer [16–22], prostate cancer, melanoma, pancreatic cancer

and breast cancer [23–26]. It has also been applied in a pre-targeting setting [27, 28]. Recently,

a phase 1 trial with 212Pb-TCMC-trastuzumab documented safety and feasibility in patients

with human HER2 expressing malignancies [29]. Furthermore, a phase 1 study of 212Pb-

DOTAMTATE for treatment of neuroendocrine tumours has been initiated (NCT03466216).

In our study, we have investigated the in vitro cytotoxic effect of 212Pb-NNV003 in a CLL and

a Burkitt’s lymphoma cell line. The in vivo tumour targeting of the TAT was studied in subcu-

taneous xenograft models. Two different disseminated models of CLL and NHL were used to

evaluate the in vivo anti-tumour efficacy and toxicity of 212Pb-NNV003.

Materials and methods

Ethics statement–animal research

All studies were conducted under the approval of the institutional IACUC committee, Orano

Med Institutional Animal Care and Use Committee, ethical approval number IAC-PR-006.

Mice were kept under pathogen-free condition in a 12-hour light/dark cycle, with ad libitum

access to food and water. Temperature, humidity and air-flow was continuously monitored.

The cages contained enrichments and the bedding was changed once a week. Animal health

was monitored by trained staff. The mice were euthanised by cervical dislocation when

humane end point was reached. ARRIVE guidelines were followed (S2 File). See Supplemen-

tary S1 File and S1 Table for more information.
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Labelling antibodies with 212Pb

NNV003 and cetuximab (binding to EGFR, used as unspecific control, Merck KGaA, Germany)

were conjugated with a customised bifunctional version of TCMC (1,4,7,10-Tetrakis(carbamoyl-

methyl)-1,4,7,10-tetraazacyclododecane, Macrocyclics, USA), using an enzymatic procedure

based on a process described by Jeger [30] and Dennler [31] resulting in up to two TCMC mole-

cules conjugated to a specific amino acid in the Fc part of the antibody. An over 99.9% radio-

chemically pure 212Pb was eluted with 0.4 M ammonium acetate from a 224Ra generator (Orano

Med LLC, USA). TCMC-NNV003 and TCMC-cetuximab in 150 mM ammonium acetate were

added to purified 212Pb at ratios of 3.7, 37 or 370 MBq/mg and incubated at 37˚C for 10 min

with shaking at 300 rpm. ITLC was used to confirm a chelation> 95%. Samples were diluted in

0.9% NaCl prior to injection. Specific activities (SA) used: 37 MBq/mg (biodistribution and acute

toxicity studies), 370 MBq/mg (cytotoxicity assay) and 3.7–370 MBq/mg (therapy studies). The

immunoreactivity (IRF) of 212Pb-NNV003 was measured as previously described [8].

Cell lines

The human CLL cell line MEC-2 (Creative Bioarray, USA) and the Burkitt’s lymphoma cell

line Daudi (ATCC, USA) were cultured in IMDM and RPMI medium. Media were supple-

mented with 10% heat inactivated fetal bovine serum and 1% Penicillin-Streptomycin (ATCC,

USA).

In vitro studies

MEC-2 and Daudi cells (1x106) were fixed in 1% formaldehyde for 15 min at 4˚C, stained with

5 μL Alexa Fluor1 647 mouse anti-human CD37 (Clone M-B371, BD Bioscience, USA) for 30

min on ice in the dark and analysed in a Guava easyCyte 8HT (Millipore, USA).

MEC-2 and Daudi cells were plated in 96 well-plates with 5000 cells/well. 212Pb-NNV003 or
212Pb-cetuximab was added to the cells at final concentrations of 57.8 Bq/ml to 14.8 kBq/ml

(n = 8 wells per concentration). The cells were incubated for 5 h before washing. After resuspend-

ing in fresh medium, the cells were kept in culture for 6 more days. The CyQUANT™ NF Cell

Proliferation Assay Kit (Thermo Fisher Scientific, USA) was used to measure cell proliferation.

Biodistribution

10x106 Daudi or 2.5x106 MEC-2 cells were injected subcutaneously (s.c) in the flank of 15 female

CB17 SCID mice (CB17/Icr-Prkdcscid/IcrIcoCrl, Charles River Laboratories, USA) or 24 female

R2G2 mice (B6;129-Rag2tm1FwaII2rgtm1Rsky/DwlHsd, Envigo, USA). When tumours reached a vol-

ume of 200–300 mm3, 200 μg murine IgG2a (M7769-5MG, Sigma Aldrich, USA) was injected

intraperitoneally (i.p.). Next day, 370 kBq 212Pb-NNV003 was injected intravenously (i.v.). Mice

were euthanised at predetermined time-points: 1 h (n = 5 CB17 SCID, n = 10 R2G2), 6 h (n = 5

CB17 SCID, n = 4 R2G2) and 24 h (n = 5 CB17 SCID, n = 10 R2G2). Organs and tumours were

harvested, weighted and the activity was measured by a calibrated gamma counter (Wizard2, Per-

kin Elmer, USA). The background was subtracted from the measurements and values were decay

corrected. Percent injected dose/g (%ID/g) was calculated for each tissue.

Radiation dosimetry

The biodistribution data from the two s.c. models was used to calculate the absorbed radiation

doses from 212Pb-NNV003, performed by Rapid (Maryland, USA). Time-integrated activity

coefficients were obtained by the trapezoidal method as the data could not be exponentially fit-

ted. Physical decay was used to extrapolate after the last time point.
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Toxicity studies of 212Pb-NNV003

Female CB17 SCID mice (30 total, n = 5 per group) were injected i.v. with 212Pb-NNV003 or

PBS. Female R2G2 mice (29 total) were injected i.v. with 212Pb-NNV003 (n = 5 per group),

0.9% NaCl or 212Pb-cetuximab (n = 3 per group), to ensure similar tolerability of the two

TATs. 200 μg murine IgG2a was injected i.p. one day before TAT injection. The mice were

weighed three times a week and observed daily for clinical signs of radiotoxicity. Mice were

euthanised when termination criteria were met (see Termination criteria section). Histopatho-

logical examinations were performed by Comparative Bioscience Inc (USA) on organs col-

lected from R2G2 mice.

In both therapy models described below the concentration of platelets, red blood cells and

white blood cells were monitored (see Haematological toxicity section).

Therapy studies

To mimic disseminated CLL disease, 68 female R2G2 mice were i.v. injected with 2.5x106

MEC-2 cells two days prior to treatment with 212Pb-NNV003 (370 MBq/mg), 212Pb-cetuximab

(370 MBq/mg), NNV003-TCMC or 0.9% NaCl (n = 10). This model was also used to test dif-

ferent SAs of 212Pb-NNV003. 70 R2G2 mice were i.v. injected with MEC-2 cells, and received

370 kBq 212Pb-NNV003 (3.7, 37 or 370 MBq/mg), 370 kBq 212Pb-cetuximab (3.7 MBq/mg),

NNV003-TCMC or 0.9% NaCl (n = 10 per group).

67 female CB17 SCID mice were i.v. injected with 10x106 Daudi cells two days before treat-

ment with 212Pb-NNV003 (370 MBq/mg), 212Pb-cetuximab, NNV003-TCMC or 0.9% NaCl

(n = 12 for 280 kBq 212Pb-NNV003 and n = 11 for the other groups). In all studies, animals

received 200 μg murine IgG2a i.p. the day before treatment. The mice were checked daily for

clinical symptoms and body weights were monitored. They were euthanised when termination

criteria were met (see Termination criteria section). Statistical analysis performed as described

in Statistics section.

Haematological toxicity

In both therapy models in the study, the concentration of platelets, red blood cells and white

blood cells were monitored. 100 μL blood was collected prior to treatment and every two

weeks thereafter from the retro-orbital sinus. The cell concentrations were determined using

Vetscan HM5 hematology analyzer (Abaxis, USA). Animals received 300 μL 0.9% NaCl i.p.

after blood collection. Statistical analysis was performed as described in the Statistics section.

Termination criteria

Animals were euthanised by cervical dislocation when a combination of following humane

end-points occurred: weight loss > 15% over two consecutive days, lack of grooming over 5

days, weakness over 3 days, reduced motility, paralysis, palpable abdominal tumour > 1000

mm3, hunched back, severe anaemia and diarrhoea.

Statistics

All statistical analysis were done in GraphPad Prism 7.00 (GraphPad Software, USA). Log

rank tests were performed for pairwise comparisons of treatment groups in the therapy stud-

ies. The Holm-Sidak method for multiple comparisons correction was used, with a significance

level of α = 0.05. The platelet counts of the 212Pb-NNV003 treated mice were compared with

the NaCl treated mice by one-way ANOVA followed by the Dunnett’s multiple comparison

test with significance level of α = 0.05.
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Results

Immunoreactivity of 212Pb-NNV003

The IRF of 212Pb-NNV003 was measured after initiation of the studies and was found to be

around 57%. This suboptimal binding was due to radiation induced oxidation of the antibody

after labelling and not the conjugation method. The addition of ascorbic acid during labelling

restored the binding of 212Pb-NNV003 to the cells to approximately 80%, which is normally

obtained with NNV003 labelled with lutetium-177 [8].

CD37 expression and cytotoxicity of 212Pb-NNV003

CD37 expression was approximately 20 times higher in Daudi cells than MEC-2 cells (Fig 1A).
212Pb-NNV003 had a dose dependent anti-proliferative effect on both cell lines, while 212Pb-

cetuximab only had modest effect at the highest concentrations (Fig 1B). Daudi cells appeared

more sensitive than MEC-2 cells. The experiment was repeated, and the trend was confirmed

(S2 Fig).

Biodistribution and dosimetry of 212Pb-NNV003

In each animal study the mice were predosed with murine IgG2a before TAT injection to

decrease the binding of 212Pb-NNV003 to murine Fc receptors and thus prevent clearance of

antibody to spleen and liver in immune deficient mice with low amounts of endogenous anti-

bodies [32]. Murine IgG2a binds with a similar affinity as human IgG1 to murine Fc receptors

[33, 34]. A biodistribution performed in CB17 SCID mice revealed significant decrease in
212Pb-NNV003 uptake in spleen, kidneys and liver (S3A Fig). In immune competent Balb/c

mice, however, the biodistribution was not altered by the predosing with IgG2a (S3B Fig).
212Pb-NNV003 was rapidly taken up in blood rich organs and thymus. Accumulation in

tumour was slower but reached approximately 23%ID/g in Daudi tumours and 16%ID/g in

MEC-2 tumours after 24 h (Fig 2A and 2B). The lack of redistribution of the radionuclide after

initial uptake in organs indicates in vivo stability of 212Pb-NNV003.

The tissue absorbed doses from the TAT is presented in Fig 3. Alpha radiation contributes

most to the total absorbed dose, which was highest in blood rich organs and in the tumours.

Acute toxicity of 212Pb-NNV003

The CB17 SCID mice that reached termination criteria were euthanised because of acute radia-

tion toxicity. One mouse treated with 740 kBq was found dead in the cage, assumed dead of

radiation toxicity. No R2G2 mice reached termination criteria. Remaining CB17 SCID and the

R2G2 mice were euthanised at the end of the studies, 29 (CB17 SCID) or 33 (R2G2) days after

TAT injection.

1480 kBq 212Pb-NNV003 was too toxic for the CB17 SCID mice, and within a week after

injection, all mice had been euthanised due to weight loss (Fig 4A and 4B). Doses of 370–740

kBq 212Pb-NNV003 also caused radiotoxicity with weight loss and 40–60% of the mice had to

be euthanised within three weeks post injection. However, the lowest dose, 185 kBq, was well

tolerated. CB17 SCID mice are known to have low tolerance to ionising radiation, due to a

deficiency in the DNA double strand break repair mechanism [35]. Therefore, R2G2 mice

were used for the MEC-2 model since they do not possess the SCID mutation and are therefore

less sensitive to radiation. Indeed, doses of 185–555 kBq of 212Pb-NNV003 and 555 kBq of
212Pb-cetuximab could be administered in R2G2 mice without mortality, with only a mild and

reversible initial weight loss (Fig 4C and 4D). Histopathological examination of the treated

R2G2 mice showed no signs of radiation induced damage. From these results, the highest non-
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severely toxic doses (HNSTD) were established: 185 kBq in CB17 SCID mice and 555 kBq in

R2G2 mice, and the following 212Pb-NNV003 doses were chosen for therapy studies: 90, 185

and 280 kBq (CB17 SCID) and 185, 370, 555 and 740 kBq (R2G2). The two additional doses of

280 kBq (CB17 SCID) and 740 kBq (R2G2) that were not tested in the acute toxicity studies

were included to test the range of the therapeutic window.

Fig 1. CD37 expression and cytotoxic effect of 212Pb-NNV003. (A) Flow cytometry histograms of cells only and cells

incubated with 5 μl Alexa Fluor1 647 anti-human CD37. (B) Proliferation of Daudi and MEC-2 cells treated with
212Pb-NNV003 or 212Pb-cetuximab. Data represented as average of n = 8 replicates and error bars = SD.

https://doi.org/10.1371/journal.pone.0230526.g001
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Anti-tumour effect of 212Pb-NNV003

In the disseminated model of NHL, the injected Daudi cells infiltrated the bone marrow of the

mice causing hind leg paralysis. The CLL model had a more aggressive profile, where the

MEC-2 cells mostly infiltrated abdominal tissues, forming tumours in and around ovaries, kid-

neys, liver and spleen, and therefore represented a more difficult model to treat than the NHL

model. Because of the aggressive profile, R2G2 mice were used for the MEC-2 model,

Fig 2. Biodistribution of 212Pb-NNV003. %ID/g of 212Pb-NNV003 in tissues of (A) CB17 SCID mice with Daudi s.c.

xenografts (n = 5 per time point) and (B) R2G2 mice with MEC-2 s.c. xenografts (n = 4 at 6 h, n = 10 at 2 and 24 h).

Data presented as averages with error bars = SD, LPN = Lymph Node.

https://doi.org/10.1371/journal.pone.0230526.g002
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permitting treatment with a higher dose than is possible in CB17 SCID mice. The SCID muta-

tion impairs the DNA double strand break repair pathway, making the mouse strain inherently

sensitive to radiation [35]. The mice that reached termination criteria were euthanised because

of tumour infiltration or acute radiation toxicity (2 mice treated with 370 and 740 kBq 212Pb-

NNV003). Three R2G2 mice, treated with either 185 kBq 212Pb-NNV003, 370 kBq 212Pb-

Fig 3. Dosimetry of 212Pb-NNV003. Absorbed radiation dose (Gy/MBq) to tissues of (A) CB17 SCID mice with

Daudi s.c. xenografts (n = 5 per time point) and (B) R2G2 mice with MEC-2 s.c. xenografts (n = 4 at 6 h, n = 10 at 2

and 24 h). Error bars = SD of total absorbed radiation dose.

https://doi.org/10.1371/journal.pone.0230526.g003
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cetuximab or 10 μg NNV003, and one CB17 SCID mouse treated with 185 kBq 212Pb-NNV003

were found dead in the cage and their cause of death was presumably related to tumour infil-

tration. The remaining mice were euthanised at the end of the study, 201 (Fig 5A), 197 (Fig

5B) or 150 (Fig 5C) days after cell injection.

In both models, a single injection of 212Pb-NNV003 significantly prolonged median sur-

vival compared to controls (Fig 5A and 5B). At study termination 28 weeks post cell injection,

67–91% of the Daudi injected CB17 SCID mice and 30–90% of the MEC-2 injected R2G2

mice treated with 212Pb-NNV003 were still alive. In the MEC-2 model, 555 kBq unspecific
212Pb-cetuximab showed an anti-tumour effect comparable to the effect of 185 kBq 212Pb-

NNV003 (Fig 5B). There was a dose-dependent response to doses of 370 to 740 kBq 212Pb-

NNV003, which were more effective than 212Pb-cetuximab, but only the 555 kBq dose of
212Pb-NNV003 was statistically superior.

Fig 4. Acute toxicity of 212Pb-NNV003. CB17 SCIDs were injected i.v. with increasing dose of 212Pb-NNV003 or PBS. (A) Body weights

(average of n = 5, error bars = SD) and (B) survival of the mice. R2G2 mice were injected with increasing dose of 212Pb-NNV003 (n = 5), 212Pb-

cetuximab or NaCl (n = 3). (C) Body weight (average with error bars = SD) and (D) survival of the mice (overlapping curves).

https://doi.org/10.1371/journal.pone.0230526.g004
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A single i.v. injection of 370 kBq 212Pb-NNV003, with SA between 3.7 and 370 MBq/mg,

improved survival of R2G2 mice i.v. injected with MEC-2 cells, compared to controls (Fig 5C).

60–90% of the R2G2 mice treated with 212Pb-NNV003 were still alive at the end of the study, 21

weeks post cell injection. No significant difference between 212Pb-NNV003 SAs was observed.

Haematological toxicity of 212Pb-NNV003

In the R2G2 therapy study, two animals treated with 370 and 740 kBq 212Pb-NNV003 died 9

days post injection of suspected acute radiotoxicity. 70% of the mice in the 370 kBq group sur-

vived for more than 28 weeks with no signs of toxicity, therefore we suspect that cause of death

was poisoning during grooming. Further, two mice treated with 740 kBq were euthanised due

to weight loss 165 and 191 days post cell inoculation. Necropsy observations showed no mac-

roscopic tumours; however, small spleens and pale organs might indicate radiation damage.

These results indicate that 740 kBq was a too high dose and confirm the HNSTD of 555 kBq in

R2G2 mice. No toxicity was observed in the CB17 SCID mice treated with 280 kBq, thus this

dose was determined as HNSTD for CB17 SCID mice.

At doses ranging from 185 to 555 kBq (R2G2) and 90 to 280 kBq (CB17 SCID), the haema-

tological toxicity was modest. In R2G2 mice, but not in CB17 SCIDs, the platelet counts

decreased one week after TAT injection, but only the 555 kBq treatment was significantly dif-

ferent from the NaCl treatment at week 1 and 3 (Fig 6A and 6B). The platelet counts also

decreased in the untreated control group. We suggest this initial decrease in platelet counts to

be due to the stress of being handled (three injections during three consecutive days) before

blood sampling. Due to a shorter lifespan of controls, no reliable comparisons could be made

after 3–4 weeks. The white blood cell- and red blood cell levels are presented in S5 Fig. Com-

pared to controls and to baseline, no decrease in white blood cell- or red blood cell counts was

observed in any of the studies.

Discussion

For the treatment of CLL and NHL patients, new therapies with different mechanisms of

actions and targets are needed to further improve outcome. In the current study, a novel anti-

CD37 TAT 212Pb-NNV003 induced cytotoxicity in cell lines and was rapidly taken up in CD37

positive tumours. Furthermore, the TAT efficiently prolonged survival in CLL and NHL

mouse models with up to 90% survival at the end of the study and low levels of haematological

toxicity.

In mice injected with Daudi cells, 91% of the animals were still alive 28 weeks after receiving

90 kBq of 212Pb-NNV003. In the MEC-2 model, doses of 370 kBq or more were needed to

achieve similar effects. This corresponds well with the in vitro data showing that Daudi cells

were more sensitive to 212Pb-NNV003 compared to MEC-2 cells. Further, Daudi cells had

higher and more homogeneous expression of CD37 than MEC-2 cells. MEC-2 cells present a

more aggressive and invasive growth in vivo. Mice i.v. injected with MEC-2 cells were often

euthanised due to weight loss after massive infiltration in several critical organs, while mice

injected with Daudi cells were euthanised due to hind leg paralysis caused by localised infiltra-

tion of the bone marrow. Moreover, CB17 SCID mice have functional natural killer cells,

whereas R2G2 do not, and the chimeric antibody NNV003 could induce some immunothera-

peutic effect in this strain [8]. Accordingly, in a separate therapy study with Daudi-bearing

CB17 SCID (S4 Fig) we observed that 5 μg NNV003 had a similar anti-tumour effect as 185

kBq 212Pb-NNV003, while 100 μg NNV003 had no effect in the MEC-2 model. Therefore, the

specific activity was increased to avoid any contribution of the antibody to the therapeutic

effect, and the 0.75 μg NNV003 for 280 kBq used in the present study had no effect (Fig 5A)
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Fig 5. Anti-tumour effect of 212Pb-NNV003. Survival of (A) CB17 SCID mice (n = 11 or 12) i.v. injected with Daudi cells and of (B) R2G2

mice (n = 10) i.v. injected with MEC-2 cells two days prior to treatment with 212Pb-NNV003, 212Pb-cetuximab, NNV003 or NaCl. (C)

Survival of R2G2 mice (n = 10) i.v. injected with MEC-2 cells two days prior to treatment with 370 kBq 212Pb-NNV003 with increasing SAs,
212Pb-cetuximab, NNV003 or NaCl. Mice were censored at the end of the study.

https://doi.org/10.1371/journal.pone.0230526.g005
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Fig 6. Haematological toxicity of 212Pb-NNV003. Platelet counts from (A) CB17 SCID mice i.v. injected with Daudi

cells two days before treatment and from (B) R2G2 mice i.v. injected with MEC-2 cells two days before treatment.

Average with error bars = SD. Marker size represents the number of mice at each measurement, ranging from (A)

3–11 and (B) 4–10.

https://doi.org/10.1371/journal.pone.0230526.g006
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In theory, α-particles are more suitable than β-particles for treatment of disseminated leu-

kemic disease due to their short range and high level of cytotoxicity. Indeed, the survival rate

after 90 kBq 212Pb-NNV003 treatment, at less than half the HNSTD, was 91% in the Daudi

model, whereas treatment with β-emitting 177Lu-lilotomab satetraxetan at half the HNSTD, in

the same animal model, led to 10% survival 28 weeks after therapy injection [9]. It is worth

noting that lilotomab is the murine version of NNV003 and although they share the same epi-

tope, it is not a direct comparison because of the difference in immunotherapeutic capacity

[8]. Human IgG1 antibodies have been shown to bind stronger to mouse Fc receptors and

induce more immunotherapeutic effect than mouse IgG1 [34]. However, the large difference

between the treatments cannot be explained by this as the NNV003 dose was too low to have

significant anti-tumour effect. This comparison supports the theory that α-particles are more

advantageous against disseminated leukemic diseases.

The effect of different SAs was investigated to select a SA for a clinical trial. A clinically rele-

vant SA is expected to be 3.7–7.4 MBq/mg, assuming that binding of 3–4 212Pb-NNV003 mole-

cules is sufficient to eradicate a targeted cell [14]. In a phase 1 study of 212Pb-TCMC-

trastuzumab treatment, a single i.p. infusion of up to 27.4 MBq/m2 was well tolerated [29], cor-

responding to approximately 50 MBq per patient. In our calculations we have assumed 5x106

B-lymphocytes/ml in a patient [36], 5 l blood and a CD37 expression of 1x105 antigens per cell

[8]. An injection of 50 MBq 212Pb-NNV003 with the SA of 3.7 MBq/mg (corresponding to

13.5 mg 212Pb-NNV003), would lead to over 2x106 NNV003 molecules per cell and we can

thus assume 100% occupancy of the antigen. The SA of 3.7 MBq/mg means that there is 51x10-

6 212Pb nuclei per NNV003 antibody, which leads to 5.1 212Pb nuclei per cell. Consistently, we

demonstrated that the anti-tumour effect of 212Pb-NNV003 was independent of SAs in the

range of 3.7 to 370 MBq/mg. The increase in unlabelled NNV003 in the 370 kBq treatment did

not have a negative impact on the therapeutic effect of 212Pb-NNV003.

The biodistribution of 212Pb-NNV003 did not reveal any unexpected accumulation in nor-

mal organs and was similar to biodistributions of other 212Pb labelled antibodies i.v. injected

in mice. The uptake of 212Pb-NNV003 in liver and kidneys is consistent with results from

other studies [24, 37], while the accumulation in spleen of 212Pb-NNV003 is lower than has

been measured for another 212Pb labelled antibody [24]. The accumulation of 212Pb-NNV003

reached maximum after 24 h, resulting in an absorbed dose of 9.1 and 6.2 in the Daudi and

MEC-2 tumours, respectively. A more rapid tumour targeting is expected in the i.v. models

since the tumour cells are more accessible, and therefore a higher absorbed dose.

In the MEC-2 model, a modest anti-tumour effect was observed with the 212Pb-labeled

cetuximab treatment. Cetuximab does not bind to MEC-2 cells (S1 Fig). Thus, we speculate

that the observed effect may be related to the co-localisation of tumour cells in blood-rich

organs. MEC-2 cells infiltrated mostly organs with a high flow of radioactive blood in the

hours after injection. Especially cells localised in the kidneys would be expected to receive a

significant dose due to renal excretion of the TAT.

Female mice were used in these studies for practical reasons. Although they are less prone

to kidney injuries than male mice, they are more sensitive to haematological toxicity of ionis-

ing radiation, and therefore represent the worst case scenario [38, 39]. As with other TATs for

treatment of diseases with bone marrow involvement, haematological toxicity was expected to

be dose limiting for 212Pb-NNV003 [40–43]. A modest thrombocytopenia was observed in the

MEC-2 model, but not in the Daudi model. No reduction in white blood cells or red blood

cells was observed (S5 Fig). However, the white blood cell count in these immune deficient

mice is generally lower at baseline than in other immunocompetent strains and are thus not

well suited for monitoring haematological toxicity [44]. Furthermore, the total dose to femoral

bone was low in both models, which might explain the modest haematological toxicity
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observed. However, NNV003 does not bind to murine CD37 and hence only non-specific

binding of 212Pb-NNV003 will contribute to the absorbed radiation dose in the mice.

Around 35% of the gamma rays from 212Pb decay to 212Bi are internally converted, which

can cause a 212Bi-chelate complex to become unstable, and when using DOTA, 30% of the
212Bi is released [45]. When using TCMC, 16% of 212Bi is released (publication in preparation).

If the released 212Bi is circulating in the blood, it could have enough time to accumulate in the

kidneys prior to decay, which could potentially be a source of non-targeted toxicity. Some

indication of late radiation toxicity was observed in the 740 kBq group in the MEC-2 study,

which might be due to this effect. However, the absorbed radiation doses to the kidneys at the

HNSTDs (HNSTD based on haematological toxicity) were 2.5 Gy and 5.1 Gy (corresponding

to 9.1 Gy/MBq, Fig 3), which is half of the dose that was found acceptable in a study with the

alpha-emitter 211At-MX35-F(ab’)2 [46].

The IRF of 212Pb-NNV003 to CD37 was not measured before the studies were initiated and

was probably around 50–60% based on post study measurements. The addition of ascorbic

acid during labelling lead to an optimal IRF of around 80%, indicating that the problem was

due to radiation induced oxidation and not due to the conjugation method. The IRF of 212Pb-

NNV003 did not seem to affect the efficacy of the TAT since the therapy studies showed long

term efficacy even with a suboptimal binding, and a significantly higher anti-tumour effect

than the non-binding control 212Pb-cetuximab. We hypothesise that the increase in specific

binding would lead to a better effect at lower doses of 212Pb-NNV003 and studies have been

initiated to confirm this.

We have shown that 212Pb-NNV003 is effective and has a favourable safety profile in pre-

clinical models of CD37 positive CLL and NHL. Future clinical testing is warranted.

Supporting information

S1 File. Supplementary material. Detailed description of animal models and supplementary

method description.

(PDF)

S2 File. ARRIVE guidelines checklist.

(PDF)

S3 File. Raw data.

(XLSX)

S1 Table. Experimental animal models. Strain, age and average weight of experimental ani-

mals at the start of the studies.

(PDF)

S1 Fig. Binding of fluorescently labelled cetuximab. Flow cytometry histograms of cells

(autofluorescence), cells blocked with unlabelled cetuximab and incubated with fluorescently

labelled cetuximab (unspecific binding) and cells incubated with only fluorescently labelled

cetuximab (total binding).

(TIF)

S2 Fig. Cytotoxic effect of 212Pb-NNV003. Proliferation of Daudi and MEC-2 cells treated

with 212Pb-NNV003 or 212Pb-cetuximab. Data represented as average of n = 8 replicates

(n = 1–8 for 212Pb-cetuximab) and error bars = SD.

(TIF)
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S3 Fig. Biodistribution of 212Pb-NNV003 with or without IgG2a predosing. %ID/g of
212Pb-NNV003 in tissues of (A) CB17 SCID or (B) Balb/c mice with or without IgG2a predos-

ing. n = 3 (no predosing Balb/c at 4 hours) or n = 5 (all other groups). Data presented as aver-

ages with error bars = SD, R = right, L = left, LPN = Lymph Node.

(TIF)

S4 Fig. Anti-tumour effect of 212Pb-NNV003. Survival of CB17 SCID mice (n = 10 or 20) i.v.

injected with Daudi cells two days prior to treatment with 212Pb-NNV003 (37 MBq/mg),
212Pb-cetuximab, NNV003 or NaCl. Mice were censored at the end of the study.

(TIF)

S5 Fig. Haematological toxicity of 212Pb-NNV003. White blood cell counts (A and C) and

red blood cell counts (B and D), measured in CB17 SCID mice i.v. injected with Daudi cells (A

and B) and R2G2 mice i.v. injected with MEC-2 cells (C and D). There were 10–11 mice in

each group at baseline. Marker size represents the number of mice at each measurement. Data

is presented as average with error bars = SD.

(TIF)
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Multiple myeloma (MM) is a plasma cell cancer and represents the

second most frequent hematologic malignancy. Despite new treat-

ments and protocols, including high-dose chemotherapy associ-
ated with autologous stem cell transplantation, the prognosis of MM

patients is still poor. α-radioimmunotherapy (α-RIT) represents
an attractive treatment strategy because of the high-linear-energy

transfer and short pathlength of α-radiation in tissues, resulting in
high tumor cell killing and low toxicity to surrounding tissues. In this

study, we investigated the potential of α-RIT with 212Pb-daratumu-

mab (anti-hCD38), in both in vitro and in vivo models, as well as an
antimouse CD38 antibody using in vivo models.Methods: Inhibition
of cell proliferation after incubation of the RPMI8226 cell line with an

increasing activity (0.185–3.7 kBq/mL) of 212Pb-isotypic control or
212Pb-daratumumab was evaluated. Biodistribution was performed
in vivo by SPECT/CT imaging and after death. Dose-range–finding

and acute toxicity studies were conducted. Because daratumumab

does not bind the murine CD38, biodistribution and dose-range

finding were also determined using an antimurine CD38 antibody.
To evaluate the in vivo efficacy of 212Pb-daratumumab, mice were

engrafted subcutaneously with 5 · 106 RPMI8226 cells. Mice were

treated 13 d after engraftment with an intravenous injection of
212Pb-daratumumab or control solution. Therapeutic efficacy was
monitored by tumor volume measurements and overall survival.

Results: Significant inhibition of proliferation of the human myeloma

RPMI8226 cell line was observed after 3 d of incubation with 212Pb-
daratumumab, compared with 212Pb-isotypic control or cold anti-

bodies. Biodistribution studies showed a specific tumoral accumulation

of daratumumab. No toxicity was observed with 212Pb-daratumumab

up to 370 kBq because of lack of cross-reactivity. Nevertheless,
acute toxicity experiments with 212Pb-anti-mCD38 established a

toxic activity of 277.5 kBq. To remain within realistically safe treat-

ment activities for efficacy studies, mice were treated with 185 kBq

or 277.5 kBq of 212Pb-daratumumab. Marked tumor growth inhibi-
tion compared with controls was observed, with a median survival

of 55 d for 277.5 kBq of 212Pb-daratumumab instead of 11 d for

phosphate-buffered saline. Conclusion: These results showed 212Pb-
daratumumab to have efficacy in xenografted mice, with significant

tumor regression and increased survival. This study highlights the
potency of α-RIT in MM treatment.

Key Words: 212Pbα-radioimmunotherapy; multiple myeloma; CD38
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Multiple myeloma (MM) features monoclonal proliferation
of plasma cells in bone marrow. Over the last decade, many ad-

vances have been made in MM therapy, and the median life ex-

pectancy of patients has almost doubled. This improvement was

mostly due to the development of proteasome inhibitors, immuno-

modulatory drugs, histone deacetylase blockers, and, more recently,

monoclonal antibodies (mAbs) (daratumumab and elotuzumab) (1).

However, the prognosis of myeloma patients remains poor, since

remission obtained with such treatments is often followed by re-

lapse. Innovative therapies with a distinct mechanism of action are

therefore needed.
Targeted immunotherapy using mAbs has showed efficacy; nev-

ertheless, strategies to enhance mAb efficiency are necessary and

were developed in the form of antibody–drug conjugates, immu-
notoxins, or radiolabeled antibodies. The efficacy of radioimmu-

notherapy (RIT) in the treatment of non-Hodgkin lymphoma is

well established, with there being 2 marketed anti-CD20 mAbs

coupled with b-emitters: 90Y-ibritumomab tiuxetan (Zevalin; Acrotech

Biopharma, LLC) and 131I-tositumomab (Bexxar; GlaxoSmithKline)

(2). Although 90Y-ibritumomab tiuxetan is highly efficient against

tumor cells, it carries severe side effects compared with rituximab,

notably bone marrow toxicity. Since a-particles have a short path-

length of 50–80 mm (compared with a few millimeters for b-

particles), RIT with a-emitting radionuclides is highly attractive and

expected to reduce unwanted radiation exposure on normal tis-

sues. The short pathlength of a-particles also explains why

a-RIT, by specifically targeting the close environment of each mali-

gnant cell, is better suited for micrometastatic and disseminated

tumor treatment (3). a-particles produce clustered DNA double-

strand breaks and highly reactive hydroxyl radicals when hitting

biologic tissues. Their short path range leads to a high-linear-

energy transfer of approximately 50–230 keV/mm, compared

with 0.1–1.0 keV/mm for b-emitters, making a-emitters 100-fold

more cytotoxic. Only a few a-emitters are considered suitable

for therapeutic use in cancer patients (4). 212Pb represents a good

candidate. This radioelement is available at high purity through

a 224Ra/212Pb generator. After administration, 212Pb (b-emitter)
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generates 212Bi (a-emitter); thus, 212Pb, which has a half-life (10.6 h)
relatively convenient for mAb pharmacokinetics, serves as an in
vivo a-emitter generator (5). A macrocyclic bifunctional ligand,
TCMC (1.4.7.10-tetra-(2-carbamoyl methyl)-cyclododecane), was
designed and synthesized to obtain a greater stability in vivo
for the chelation of lead isotopes (6). mAb can therefore be easily
functionalized with TCMC and then radiolabeled with 212Pb.
212Pb was first used in a human trial of 212Pb-TCMC-trastuzumab in
patients with HER2–expressing malignancies (7,8).
CD38, a 45-kDa stable transmembrane glycoprotein receptor, is

expressed at a high epitope density on 95%–100% of malignant
plasma cells (9,10). The CD38 antigen is expressed on activated T
cells, monocytes, and NK (natural killer) cells but at much lower
levels than found on plasma cells, making it a targeting candidate
for RIT using anti-CD38 antibodies. Few RIT studies have eval-
uated this target potency, and none have evaluated 212Pb-anti-
CD38 RIT in myeloma. Daratumumab is an antihuman CD38
developed by Janssen and currently used in the clinic (11). We
have developed a targeted a-therapy in which the daratumumab
antibody is coupled to the a-particle–emitting radioisotope 212Pb.
The goal of this study was to investigate the potential of 212Pb-
daratumumab in the treatment of plasma cell malignancies. Bio-
distribution and toxicity studies were performed on tumor-free and
RPMI 8226 myeloma tumor–bearing mice. Considering that
212Pb-daratumumab does not cross-react with the murine CD38,
biodistribution and toxicity studies were also performed with an
antimurine CD38 mAb. The therapeutic efficacy of this treatment
was assessed in vitro and in vivo on a subcutaneous xenograft
model.

MATERIALS AND METHODS

Cell Lines and Mice

The human myeloma RPMI8226 cell line (ATCC) was maintained
in supplemented RPMI 1640 medium. C57BL/6 mice (female, 7–10

wk old) were purchased from Janvier Labs. Rag22/2gC2/2 mice were
kindly provided by Dr. James Di Santo (Institut Pasteur).

Xenograft Models

Rag22/2gC2/2 mice 8–12 wk old received a subcutaneous graft of

5 · 106 RPMI8226 cells in the leg flank (in 100 mL of phosphate-

buffered saline [PBS] and Matrigel [Corning] 50/50, v/v). The mice
were monitored daily for signs of pain or discomfort. Tumor volume

was measured with a caliper 3 times a week. Studies were conducted
13 d after engraftment (tumors between 150 and 400 mm3), except for

SPECT/CT imaging (20 d/500–800 mm3). All in vivo experiments
were performed in accordance with animal ethical rules, and all pro-

tocols were authorized by the French Ministry of Research according
to European Union regulations (APAFIS 15900-201807061621591,

version 2).

mAb Conjugation and Radiolabeling

mAbs were obtained from Janssen: IgG antihuman CD38 (anti-
hCD38) (daratumumab), IgG isotypic control, and IgG antimurine

CD38 (anti-mCD38, which is not a surrogate of daratumumab as it
lacks the in vitro and in vivo functional activity of the anti-hCD38

antibody). Antibodies were conjugated by Macrocyclics with the bi-
functional chelating agent TCMC using a proprietary site-specific

technique, with approximately 1.3–2 TCMC/mAb.
212Pb was produced from 224Ra generators provided by Orano Med

SAS. Chelation was performed by incubating 1 mg of mAb-TCMC
per 37 MBq of 212Pb for 15 min at 37�C in 150 mM ammonium acetate,

pH 4.5. The labeling yield, assayed by instant thin-layer chromatography,

was more than 94%, and specific activity was approximately 37
MBq/mg for the mAbs at the experiment time. The immunoreactivity

of 212Pb-daratumumab against hCD38 was assessed in vitro, by di-
rect binding assays (12) on RPMI8226 cells, and a dissociation con-

stant of 2.69 6 1.28 nM was obtained. This value is consistent with
known daratumumab affinity (4.36 nM) (13). Furthermore, an im-

munoreactive fraction of more than 92% was obtained. For SPECT/
CT imaging, mAbs were radiolabeled with 203Pb. 203Pb in 0.5 M HCl

was provided by Lantheus Medical Imaging. After the pH of the
203Pb solution had been adjusted to 4.5 with 1.5 M ammonium

acetate, mAbs were incubated for 15 min with 203Pb at 37�C. The
labeling yield was more than 98%, and specific activity was approx-

imately 37 MBq/mg.

Cell Proliferation Analyses

RPMI8226 cells were cultured at 37�C in 96-well plates (25,000

cells in 100 mL/well). Proliferation was assessed in triplicate on days
1–4, under various concentrations of 212Pb-mAb (0.185–3.7 kBq/mL)

or cold mAb (5–100 ng/mL) using Cell Titer Glo (incubation, 2 h;
optical density, 490 nm) (Promega).

Biodistribution Experiments and SPECT/CT Imaging

Biodistribution experiments were performed on tumor-free or
tumor-bearing C57BL/6 or Rag22/2gC2/2 mice. 212Pb-anti-mCD38,
212Pb-daratumumab, or 212Pb-isotypic control (1.85 MBq) was injected
intravenously. At each time point (2, 6, 12, 18, 24, and 48 h after

injection), 2–5 animals per group were euthanized under isoflurane
inhalational anesthesia by cervical dislocation. Selected tissues were

excised and weighed, and their radioactivity levels were measured
with a calibrated g-counter (Perkin Elmer) (190–290 keV). The up-

take of radioactivity in these organs was expressed as percentage
injected dose (%ID)/g after correcting for radioactive decay at each

time point.
For SPECT/CT imaging, the animals were injected with 203Pb-

mAbs (18.5 MBq) and imaged under isoflurane inhalational anesthe-
sia (1.8%, 50% air/50% oxygen, 1.4 L/min) at 2, 6, 24, 48, and 96 h

after injection with a small-animal SPECT/CT scanner (U-SPECT4/
CT; MILabs). Image acquisition lasted 30 min for earlier time-points

to 90 min for later time-points. Energy windows were set over the
279-keV peak (620%), and a general-purpose rat-and-mouse collima-

tor was used (75 holes of 1.5-mm diameter, iterative reconstruction
ordered-subsets expectation maximization, and no filter [16 subsets,

6 iterations, and a voxel size of 0.8 mm]). The SPECT resolution with
203Pb is estimated to be less than 1 mm. Images were analyzed with

PMOD Software (PMOD Technologies).

Toxicity Studies

Groups of 5–8 tumor-free mice (C57BL/6 or Rag22/2gC2/2) re-

ceived 212Pb-daratumumab, 212Pb-anti-mCD38 (185–370 kBq), or
PBS by intravenous injection. Mice were monitored and weighed

daily. At the experimental time point, a complete blood count was
performed on an automated hematology analyzer (Cell Dyn; Abbott).

Biochemical parameters (aspartate transaminase, alanine transaminase,
urea, and creatinine) were measured in blood plasma on an automated

biochemistry analyzer (Konelab; Thermo). The percentage of B220-
positive cells in blood, bone marrow, and spleen was determined by

flow cytometry (AccuriC6; BD). We took advantage of the coexpression
of B220 and CD38 (14) to monitor variations in B-lineage using a B220

labeling.

RIT Experiments

Mice were randomly assigned to experimental groups and received

a single intravenous injection of 212Pb-daratumumab (185 kBq or
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277.5 kBq), 212Pb-isotypic control (277.5 kBq), daratumumab (10 mg),

daratumumab (16 mg/kg), or PBS. The mice were monitored daily for

general appearance. Twice a week, tumor volume was measured and the

mice were weighed. They were euthanized when tumors reached a

volume of 1 cm3, when tumor ulceration oc-

curred, or when the tumor was causing obvi-

ous discomfort.

RESULTS

212Pb Irradiation–Induced Inhibition of

Proliferation of MM Cells

The effect on cell proliferation of in-
creasing activity (0.185–3.7 kBq/mL) of
212Pb-daratumumab or 212Pb-isotypic control
was assessed during 4 d (Fig. 1). Growth in-
hibition was observed with 212Pb-daratumumab
from day 3, with a dose-dependent inhibition
at day 4 (37.7% 6 2.3% at 0.185 kBq/mL
to 80.6% 6 3.4% at 3.7 kBq/mL). This
inhibition was significantly higher than 212Pb-
isotypic control inhibition at all activities tested
except for 3.7 kBq/mL. The same experi-
ment with increasing concentrations of the
2 cold mAbs showed no significant effect
on growth inhibition (Supplemental Fig. 1;
supplemental materials are available at http://
jnm.snmjournals.org).

Biodistribution Experiments and SPECT/CT Imaging

Biodistribution of daratumumab was studied in Rag22/2gC2/2

tumor-bearing mice to monitor daratumumab-specific accumula-
tion in the human tumor xenograft and was compared with an

FIGURE 1. Percentage of growth inhibition for increasing activity of 212Pb-mAbs. RPMI8226 cell

growth inhibition percentage was calculated, from day 1 to day 4, using untreated cells as

controls on same day. Growth inhibition is calculated as [(1 – ODtreatment/ODcontrol) · 100] ± SEM.

OD 5 optical density.

FIGURE 2. Biodistribution of radiolabeled daratumumab (A and B) and isotypic control (C and D) in mice bearing RPMI8226 xenograft. (A and C)

For postmortem biodistribution studies, mice were injected with 185 kBq of 212Pb-daratumumab (A) or 212Pb-isotypic control (C). Radioactivity in

tumor, organs, and blood was expressed as %ID/g. Radioactivity in tumor significantly differs between the 2 mAbs (P , 0.001). (B and D) For in vivo

imaging studies, 7.4 MBq of 203Pb-daratumumab (B) or 212Pb-isotypic control (D) were injected. Mice were imaged by small-animal SPECT/CT 2, 6,

24, 48, and 96 h after injection. Tumors are indicated by arrows. Ing. LN 5 inguinal lymph node; Mes. LN 5 mesenteric lymph node; MIP 5
maximum-intensity projection.
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isotypic control (Fig. 2). After 212Pb-daratumumab injection,
radioactivity in the tumors increased over time: peak radioactiv-
ity was reached after 24 h (20.86 1.4 %ID/g), and this high level
was maintained at 48 h after injection. From 18 h, accumulation
of 212Pb-daratumumab in the tumor was significantly higher than
that of 212Pb-isotypic control (7.75 6 2.6 %ID/g at 24 h). In
vivo, imaging data confirmed specific tumoral accumulation of
daratumumab, with a peripheral tumoral uptake for larger tumors

(Figs. 2C and 2D). The accumulation of 212Pb-daratumumab and
212Pb-isotypic control in all nontumor tissues did not significantly
differ.
Because daratumumab does not bind mCD38, a biodistribution

study using an anti-mCD38 antibody was performed on tumor-free
mice to estimate antibody accumulation in healthy organs and an-
ticipate potential toxicity issues. Biodistribution studies on C57BL/6
mice showed high accumulation of radioactivity in 3 organs as
soon as 2 h after injection: liver (58.1 6 1.9 %ID/g), spleen (25.7 6
6.9 %ID/g), and lung (30.5 6 2.4 %ID/g) (Fig. 3). Uptake was then
relatively constant over time in these organs, except for the spleen,
in which the radioactivity increased with time (66.8 %ID/g at 24 h).
Significant radioactivity was also present in the femur (6%–8%),
but radioactivity remained low in the blood (,2% after 6 h). The
biodistribution of anti-mCD38 was also examined in Rag22/2gC2/2

(Supplemental Fig. 2), and a similar pattern was observed, except for a
higher uptake in the spleen (134.6 %ID/g at 24 h) due to the splenic
hypotrophy of Rag-deficient mice, as observed on SPECT/CT images.
Compared with 212Pb-anti-mCD38, 212Pb-daratumumab accu-

mulation in spleen, liver, lung, bone marrow, and femur was lower.

Dose-Range Finding and Acute Toxicity

Anti-hCD38/Daratumumab. Acute toxicity (7 and 21 d) was
studied after injection of 185, 277.5, or 370 kBq of 212Pb-daratumumab
in Rag22/2gC2/2 healthy mice. For these 3 activity levels, no
effect was observed on survival (Table 1), body weight, blood cell
count, or biochemical doses (data not shown), consistent with dar-
atumumab’s lack of binding to mCD38. For that reason, toxicity
was thus also studied with anti-mCD38.
Anti-mCD38. The acute toxicity of 185 and 370 kBq of 212Pb-

anti-mCD38 was studied in C57BL/6 and in Rag22/2gC2/2

healthy mice. Animal behavior and body weight were monitored
during 21 d. For both strains, a significant body weight loss (P ,
0.01) was observed after 185 kBq of 212Pb-anti-mCD38 compared
with PBS (Fig. 4; Supplemental Fig. 3). This loss was dose-dependent
and significantly increased with 370 kBq of 212Pb-anti-mCD38
(P , 0.0001). Survival was not affected after injection of 185
kBq of 212Pb-anti-mCD38, whereas 370 kBq of 212Pb-anti-mCD38
induced 75% lethality for C57BL/6 and 40% for Rag22/2gC2/2

mice at the 21-d time point (Table 1).

FIGURE 3. Biodistribution of radiolabeled anti-mCD38 in C57BL/6

healthy mice. (A) For postmortem biodistribution studies, mice were in-

jected with 185 kBq of 212Pb-anti-mCD38. Radioactivity was expressed

as %ID/g of tissue. (B) For in vivo studies, mice were imaged by small-

animal SPECT/CT 2, 6, 24, 48, and 96 h after injection of 203Pb-anti-mCD38

(7.4 MBq). Ing. LN 5 inguinal lymph node; Mes. LN 5 mesenteric lymph

node; MIP 5 maximum-intensity projection; S 5 spleen.

TABLE 1
Mice Surviving After Acute Toxicity Study

Mouse Treatment Activity (kBq)

Surviving mice at endpoint (n)

7 d 21 d

Rag2−/−γC−/− PBS 5/5 5/5

212Pb-daratumumab 185 5/5 5/5

277.5 5/5 5/5

370 5/5 5/5

212Pb-anti-mCD38 185 5/5 5/5

370 4/5* 3/5*

C57BL/6 PBS 5/5 5/5

212Pb-anti-mCD38 185 6/6 6/6

370 8/8 2/8*

*Some mice did not survive to endpoint.
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In C57BL/6 mice, we investigated kidney and liver toxicity
using biochemical quantification of plasma creatinine, urea (kidney
toxicity), aspartate transaminase, and alanine transaminase (liver tox-
icity). No significant changes in these amounts were observed
(Supplemental Fig. 4). Complete blood cell counts revealed he-
matologic toxicity, with a drop in both leukocyte and platelet
counts, whereas red blood cell count was not affected by 212Pb-
anti-mCD38 injection (Fig. 5). At 7 and 10 d after injection, the
leukocyte counts were reduced to the lower limit of the reference
ranges for 185 kBq and below the reference ranges for 370 kBq
(Fig. 5A). The leukocyte decrease was reversible for both activity
levels, and values were back to normal 21 d after injection. In the
same way, platelet counts were reduced at as early as 7 d, but no
recovery was observed at day 21 (Fig. 5C). Fluorescence-activated
cell sorting analyses of the B220 population in blood, spleen, and
bone marrow (Fig. 6) confirmed these results and radiation-induced
spleen and bone marrow damage.
Acute toxicity manifested at 370 kBq of 212Pb-anti-mCD38, and

therapeutic activity should thus remain below this dose.

Efficacy of 212Pb-Daratumumab Treatment

Efficacy studies were conducted on Rag22/2gC2/2 bearing
subcutaneous xenografts of RPMI8226 MM cells. Survival curves
and tumoral growth after treatment are presented in Figure 7. In

the control group (PBS), a median survival of 11 d was observed
(Fig. 7A). All treatments except daratumumab at 10 mg (equiva-
lent amount used for the radiolabeled antibody) induced a signif-
icant median survival time increase (P , 0.001): 32, 39.5, 47, and
55.5 d for daratumumab at 16 mg/kg (dose used in clinical prac-
tice), 212Pb-isotypic control at 277.5 kBq, and 212Pb-daratumumab
at 185 kBq and 277.5 kBq, respectively. Nevertheless, the survival
increase induced by 212Pb-daratumumab at 277.5 kBq was signif-
icantly higher than that with cold daratumumab (P , 0.001).
212Pb-daratumumab at 277.5 kBq induced a tumoral regression
from day 4 to day 25 after treatment, but a resumption of tumoral
growth was then observed except for 1 mouse (Fig. 7B).

DISCUSSION

Recent advances in MM therapies, such as immunomodulatory
drugs and proteasome inhibitors, have significantly prolonged the
survival of MM patients over the last decade. However, the progno-
sis for patients with relapsed MM remains poor. RIT is a therapeutic
modality that is not cross-resistant with chemotherapy or other ther-
apeutic agents. This strategy has already shown its value in hema-
tologic cancers, but there are few studies on RIT in MM.
Chérel et al. have studied RIT efficiency in MM with 213Bi-anti-

CD138 and showed significant efficacy in murine myeloma models
(15). In our study, we targeted CD38 because its expression is high and
uniform on malignant plasma cells but relatively low on normal lym-
phoid and myeloid cells and on nonhematopoietic tissues (16). Recent

FIGURE 4. Body weight variations of C57BL/6 mice after acute toxicity

study. Mice were injected intravenously with PBS or 185 or 370 kBq of
212Pb-anti-mCD38. Variations in body weight relative to day 0 are rep-

resented. †Mice euthanized.

FIGURE 5. Effect of acute toxicity on blood cell counts. C57BL/6 mice were injected intravenously with PBS or 185 or 370 kBq of 212Pb-anti-

mCD38. Mice followed over 7 d were euthanized, and blood samples were analyzed. For mice followed over 21 d, blood samples were analyzed on

days 10 and 21. Results for white blood cells (A), red blood cells (B), and platelets (C) are represented.

FIGURE 6. Effect of acute toxicity on B220 cells of lymphoid organs.

C57BL/6 mice were injected intravenously with PBS or 185 or 370 kBq

of 212Pb-anti-mCD38. At endpoint, 7 or 21 d, blood (left), spleen (mid-

dle), and bone marrow (right) were excised and analyzed. NS 5 P .
0.05. *P , 0.05. **P , 0.01. ***P , 0.001.
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FIGURE 7. Efficacy of 212Pb-daratumumab treatment on Rag2−/−γC−/− bearing subcutaneous xenograft of MM cells. Thirteen days after engraft-

ment, mice received PBS, daratumumab (10 μg or 16 mg/kg), 212Pb-isotypic control (277.5 kBq), or 212Pb-daratumumab (185 or 277.5 kBq). (A)

Kaplan–Meier survival analysis. Data were analyzed with log-rank test. (B) Individual tumoral growth evolution. Tumor volume was measured 3 times

per week. Mice were euthanized when tumors were $1 cm3 or when 120 d of survival was reached (end of experiment).
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studies confirmed the pertinence of targeting CD38 in the treatment of
MM (17,18).
Most MM RIT studies have used a-emitters. In fact, because

MM cells are found either isolated in bone marrow or in small clus-
ters, a-particles have a theoretic advantage over b-particles because
of their high-linear-energy transfer and shorter range of action. Cell
destruction would be more selective and irradiation less harmful to
adjacent cells (19). As anticipated, a study of an anti-CD138 cou-
pled with either 213Bi or 177Lu revealed the advantages of a-RIT
over b-RIT in the treatment of MM in a preclinical model (20).
Unfortunately, the fact that 213Bi is a short-lived a-emitter (45 min)
hampers its use in therapy. We chose to evaluate the a-emitter
212Pb, selected for its longer half-life (10.6 h), which is more suit-
able with regard to antibody kinetics.
In this study, in vitro experiments showed 212Pb-daratumumab–

specific effects on proliferation of cells with high CD38 expression, as
is consistent with previous observations by Teiluf et al. on different
MM cell lines, including RPMI8226. Treatment with 213Bi-anti-CD38
for 48 h induced a 50% lethal dose of 185 kBq/mL (21). In our
experiment, the 50% lethal dose was 0.370 kBq/mL with 4 d of
incubation. The high superior efficacy of 212Pb when compared with
213Bi correlates with its longer half-life as observed by Milenic et al.,
who compared the effects of 212Pb and 213Bi on human carcinoma
cell line growth: concentrations needed to reach the same level of
efficiency were 30–40 times lower for 212Pb than for 213Bi (22).

212Pb-daratumumab biodistributions in mice bearing CD38-positive
tumors are consistent with prior published data on 89Zr-labeled dar-
atumumab (23,24). We observed a specific tumor uptake that rapidly
increased with time after injection, to reach 15 %ID/g at 18 h and 20–
25 %ID/g at 48 h. Imaging data underlined a peripheral tumor fixation
on large tumors, suggesting that small lesions might be the best
indication for 212Pb-RIT or RIT in general (our first idea) because
of the slow tumor penetration of full-length antibodies in large
tumors. Some uptake was observed in liver, spleen, kidney, and
lung (;10 %ID/g), whereas uptake was minimal in other healthy
tissues. Blood activity rapidly decreased and was around 20 %
ID/g after 18 h.
Because of the low 212Pb activity injected and the detection

sensitivity, whole-body SPECT/CT images using 212Pb-mAbs
could not be acquired and were therefore performed with 203Pb.
This radioelement allowed us to consider a theranostic approach
for 212Pb a-therapy with a chemically identical radiometal, preventing
the need for a radionuclide with different physical–chemical properties
that would likely result in different pharmacokinetics. Imaging with
203Pb could provide an effective approach to optimize therapeutic
doses using patient-specific dosimetry calculations and to monitor pa-
tient response to targeted radionuclide therapy with 212Pb.
Because daratumumab does not bind to mCD38, mCD38

biodistribution and toxicity studies were evaluated with a specific
anti-mCD38 mAb. Human CD38 and mouse CD38 share sequence
homology (70%) but display a different expression pattern,
particularly among lymphocyte subsets and within the B-lineage
(25). Murine CD38 is expressed abundantly by all murine B-lineage
cells; by contrast, human CD38 is expressed highly by germinal
center human B cells and less intensely by other human B-lineage
cells. This expression pattern explains the high spleen uptake of
212Pb-anti-mCD38 in mice. 212Pb-anti-mCD38 biodistribution stud-
ies predicted the spleen and liver to be the dose-limiting normal
organs; however, the differences in expression patterns limit ele-
mental transposition to human 212Pb-daratumumab toxicity.

Hematologic toxicity was studied through blood cell counts and
flow cytometry on lymphoid organs after death. We observed a
reversible hematologic toxicity similar to that observed by Boudousq
et al. with 212Pb-trastuzumab and 212Pb-irrelevant mAb in intra-
peritoneal tumor xenograft–bearing nude mice (26). In parallel,
we investigated toxicity in the liver and kidneys using a chemical
approach. Consistent with the studies of Chérel et al. on 213Bi-anti-
mCD138, we observed no variations in liver or kidney enzymes in
our acute toxicity study (15).
No toxicity was observed with 212Pb-daratumumab up to 370 kBq

because of the lack of cross-reactivity with mCD38. Nevertheless,
considering the 212Pb-anti-mCD38 toxicity outcome, for this first
efficacy study we chose to test an activity of 277.5 kBq to remain
under toxic 212Pb-anti-mCD38 activities (370 kBq). In clinical appli-
cation, injection of cold mAb before RIT could be an attractive
option to optimize the therapeutic effect and reduce toxicity.
Efficacy studies were conducted on Rag22/2gC2/2 mice bear-

ing RPMI8226 cell-line xenografts. In vitro results warranted the
use of this cell line as a relevant xenograft model for in vivo
studies. Treatment with 212Pb-mAbs significantly reduced tumor
growth and prolonged median survival compared with cold dara-
tumumab or PBS. A significant partial efficacy was obtained with
212Pb-isotypic control (277.5 kBq), corresponding to the effect of
nontargeted RIT, likely because of the enhanced permeability and
retention effect in tumors, observed in various studies with 212Pb
or other radioelements (27). In a single treatment regimen on a
relatively high tumor volume at treatment time, the significantly
greater inhibition of tumor growth observed with 212Pb-daratumumab
is encouraging, especially considering the relatively low activities
used compared with other studies (27).

CONCLUSION

These promising results highlight the potency of 212Pb-daratumumab
in the treatment of MM. The 212Pb half-life of 10.6 h, its central
production, and its worldwide distribution provide clinical feasibil-
ity. To further optimize the effectiveness of 212Pb-daratumumab, a
fractionated regimen could be tested to improve the long-term ef-
ficacy of the therapy and prevent tumoral recurrence.
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KEY POINTS

QUESTION: What is the potential of 212Pb-daratumumab in the

treatment of plasma cell malignancies?

PERTINENT FINDINGS: In a single treatment regimen, 212Pb-

daratumumab induced significant tumor growth inhibition.

IMPLICATIONS FOR PATIENT CARE: 212Pb-daratumumab

could be promising in MM treatment.
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15. Chérel M, Gouard S, Gaschet J, et al. 213Bi radioimmunotherapy with an anti-

mCD138 monoclonal antibody in a murine model of multiple myeloma. J Nucl

Med. 2013;54:1597–1604.

16. Morandi F, Horenstein AL, Costa F, Giuliani N, Pistoia V, Malavasi F. CD38: a

target for immunotherapeutic approaches in multiple myeloma. Front Immunol.

2018;9:2722.

17. Green DJ, Orgun NN, Jones JC, et al. A preclinical model of CD38-pretargeted

radioimmunotherapy for plasma cell malignancies. Cancer Res. 2014;74:1179–

1189.

18. Green DJ, O’Steen S, Lin Y, et al. CD38-bispecific antibody pretargeted radio-

immunotherapy for multiple myeloma and other B-cell malignancies. Blood.

2018;131:611–620.

19. Chatterjee M, Chakraborty T, Tassone P. Multiple myeloma: monoclonal anti-

bodies-based immunotherapeutic strategies and targeted radiotherapy. Eur J Can-

cer. 2006;42:1640–1652.

20. Fichou N, Gouard S, Maurel C, et al. Single-dose anti-CD138 radioimmunother-

apy: bismuth-213 is more efficient than lutetium-177 for treatment of multiple

myeloma in a preclinical model. Front Med (Lausanne). 2015;2:76.

21. Teiluf K, Seidl C, Blechert B, et al. a-radioimmunotherapy with 213Bi-anti-CD38

immunoconjugates is effective in a mouse model of human multiple myeloma.

Oncotarget. 2015;6:4692–4703.

22. Milenic DE, Garmestani K, Brady ED, et al. Alpha-particle radioimmunotherapy

of disseminated peritoneal disease using a 212Pb-labeled radioimmunoconjugate

targeting HER2. Cancer Biother Radiopharm. 2005;20:557–568.

23. Kang L, Jiang D, England CG, et al. ImmunoPET imaging of CD38 in murine

lymphoma models using 89Zr-labeled daratumumab. Eur J Nucl Med Mol Imag-

ing. 2018;45:1372–1381.

24. Ghai A, Maji D, Cho N, et al. Preclinical development of CD38-targeted [ 89 Zr]Zr-

DFO-daratumumab for imaging multiple myeloma. J Nucl Med. 2018;59:216–222.

25. Lund F, Solvason N, Grimaldi JC, Michael R, Parkhouse E, Howard M. Murine

CD38: an immunoregulatory ectoenzyme. Immunol Today. 1995;16:469–473.

26. Boudousq V, Bobyk L, Busson M, et al. Comparison between internalizing anti-

HER2 mAbs and non-internalizing anti-CEA mAbs in alpha-radioimmunother-

apy of small volume peritoneal carcinomatosis using 212Pb. PLoS One. 2013;8:

e69613.

27. Kasten BB, Gangrade A, Kim H, et al. 212Pb-labeled B7-H3-targeting antibody

for pancreatic cancer therapy in mouse models. Nucl Med Biol. 2018;58:67–73.

212PB-ANTI-CD38 PRECLINICAL STUDY IN MM • Quelven et al. 1065



 

 

 

 

 

 

 

Results of the first clinical trial on targeted 
alphatherapy with lead-212 



Safety and Outcome Measures of First-in-Human
Intraperitoneal a Radioimmunotherapy

With 212Pb-TCMC-Trastuzumab

Ruby F. Meredith, MD, PhD,* Julien J. Torgue, PhD,w Tania A. Rozgaja, PhD,w
Eileen P. Banaga, MS,w Patty W. Bunch, OCN,z Ronald D. Alvarez, MD,z

J. Michael Straughn Jr, MD,z Michael C. Dobelbower, MD, PhD,*
and Andrew M. Lowy, MDy

Purpose: One-year monitoring of patients receiving intraperitoneal
(IP) 212Pb-TCMC-trastuzumab to provide long-term safety and out-
come data. A secondary objective was to study 7 tumor markers for
correlation with outcome.

Methods: Eighteen patients with relapsed intra-abdominal human
epidermal growth factor receptor-2 expressing peritoneal metastases
were treated with a single IP infusion of 212Pb-TCMC-trastuzumab,
delivered <4 h after 4 mg/kg IV trastuzumab. Seven tumor markers
were studied for correlation with outcome.

Results: Six dose levels (7.4, 9.6, 12.6, 16.3, 21.1, 27.4 MBq/m2) were
well tolerated with early possibly agent-related adverse events being
mild, transient, and not dose dependent. These included asymptomatic,
abnormal laboratory values. No late renal, liver, cardiac, or other toxicity
was noted up to 1 year. There were no clinical signs or symptoms of an
immune response to 212Pb-TCMC-trastuzumab, and assays to detect an
immune response to this conjugate were negative for all tested. Tumor
marker studies in ovarian cancer patients showed a trend of decreasing
Cancer antigen 72-4 (CA 72-4) aka tumor-associated glycoprotein 72
(TAG-72) and tumor growth with increasing administered radioactivity.
Other tumor markers, including carbohydrate antigen (CA125), human
epididymis protein 4 (HE-4), serum amyloid A (SAA), mesothelin,
interleukin-6 (IL-6), and carcinoembryonic antigen (CEA) did not
correlate with imaging outcome.

Conclusions: IP 212Pb-TCMC-trastuzumab up to 27 MBq/m2 seems
safe for patients with peritoneal carcinomatosis who have failed
standard therapies. Serum TAG-72 levels better correlated to imaging
changes in ovarian cancer patients than the more common tumor
marker, CA125.

Key Words: Pb-212-radioimmunotherapy, cancer, ovarian, tumor

marker, intraperitoneal

(Am J Clin Oncol 2018;41:716–721)

Low toxicity intraperitoneal (IP) treatment continues to be an
unmet need for disease that spreads through the cavity such

as ovarian and pancreatic cancer. IP chemotherapy has
improved survival of ovarian cancer patients but carries risk of
life-threatening toxicity, and has not become the standard at
most institutions.1 Radiopharmaceuticals have greater potential
than external beam radiation due to dose-limiting tolerance of
normal organs. b-emitting radiopharmaceuticals have shown
modest impact but have also been used at dose-limiting tox-
icity levels.2–5 Targeted a-emitter radiopharmaceuticals, as
implemented in this report, have the potential advantages of
improved efficacy with less toxicity than b-emitters.

For targeted radionuclide therapy, the high ionization den-
sity of a-particles is attractive but their development/imple-
mentation has been challenging compared with the more widely
available b-emitters.6,7 With the large helium particle emitted, a-
decay results in significantly higher energy delivery (linear energy
transfer) than b-decay, which results in higher cell-killing effec-
tiveness. Human cell culture studies showed the relative
biological effectiveness (RBE) greater for a-particles than that for
b-radiation or kilovoltage photons8; this has been confirmed in
other preclinical as well as early clinical trials but the RBE range
has been variable from B1 to 20.9 The clinical experience where
213Bi-HuM195 and 90Y-HuM195 therapy could be directly
compared in leukemic patients suggested that the RBE of a-
emitter therapy will vary with cell type, geometry, and endpoints
utilized.10 Another advantage of a-particles over b-radiation is the
limited range of only a few cell diameters. This spares normal
tissues but does limit optimal use to selected clinical applications.
Appropriate clinical settings for use of high potency a-particles
with short half-lives are those where the targeting is very specific
and rapid or other conditions, such as into a resection cavity or
tumor mass, where there is limited exposure to normal tissues.
Because of many hurdles, implementation of systemic admin-
istration using antibody targeted a conjugates has been limited to
a few studies, mainly in patients with leukemia, lymphoma, and
metastatic melanoma.7,11–13 Limited experience with nonsystemic
administration has included intralesional melanoma sites,
intracavity or intralesional for brain tumors, and intraperitoneal
infusion.14–18 Whereas reports of others show more extensive
pharmacokinetics and dosimetry of another a-emitter conjugate
administered to the peritoneal cavity (211At-Mx35 F(Ab’)2), our
following report is the first therapeutic IP administration where
safety was the primary objective posttherapy.16,18,19 Targeted
a-conjugate therapy has thus far been well tolerated but
initial dose levels have been modest to minimize risks to
patients undergoing investigational treatment. This first-in-human
clinical trial of IP 212Pb-TCMC2-(4-isothiocyanobenzyl)-1,4,
7,10-teraaza-1,4,7,10-tetra-(2-carbamonyl methyl)-cyclododecane-
trastuzumab was initiated after extensive murine and nonhuman
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primate investigations provided biodistribution, safety, and anti-
tumor efficacy data.20–24 In this phase I study, a single IP infusion
of 212Pb-TCMC-trastuzumab was escalated over 6 dose levels
with toxicity monitoring to confirm the safety of this agent.

This trial, like many other investigations, studied serum
tumor markers as indicators of therapeutic efficacy that could
be easily and quickly monitored. This is particularly relevant
given the limitations inherent in image-based quantification of
peritoneal metastatic disease. Seven tumor markers were
studied for their correlation to clinical outcome 6 weeks
posttherapy. These included carcinoembryonic antigen (CEA),
which is used for monitoring patients with gastrointestinal
cancer and a minority of patients with other malignancies.25

Carbohydrate antigen (CA125) was monitored in the ovarian
cancer patients as this has historically been the standard
marker for monitoring of disease response to treatment.26–29

Human epididymis protein 4 (HE-4), serum amyloid A (SAA),
mesothelin, interleukin-6 (IL-6), and tumor-associated glyco-
protein (TAG-72), were also chosen for study based on prior
reports of tumor association.30–36

METHODS
Details of the trial design and agent preparation have been

previously reported.17 Briefly, this trial provided a single IP
212Pb-TCMC-trastuzumab infusion <4 h after 4 mg/kg IV
trastuzumab in patients with human epidermal growth factor
receptor-2 (HER-2) expressing malignancy that had failed
standard therapies. Modifications were made after patient 10 to
allow patients with HER-2 of 1 + in Z10% of cells. Mod-
ification was also made to discontinue the saturated solution of
potassium iodide as imaging showed no thyroid localization
and no abnormal laboratory values had been observed in >1
year for the initial 3 patients. The diuretic regimen was also
shortened as there was no evidence of renal localization or
toxicity and patients had difficulty with side effects such that
most were noncompliant with the entire prescribed regimen.
Monitoring over the duration of 1 year included clinical find-
ings, laboratory values, cardiac studies, immunologic assays,
serum tumor marker levels, and computed tomographic scans.
Patients had clinical and/or laboratory posttherapy evaluations
7 times in the first 6 weeks. If there was no toxicity, scheduled
monitoring was extended to 6-, and then to 12-week intervals.
Cardiac monitoring used electrocardiogram and echocardio-
grams. Enzyme linked immunosorbent assay testing of 6-week
serum samples was performed to determine if there was any
evidence of an immune response to TCMC-trastuzumab. A
standard anti-drug antibody assay was developed. Briefly,
the anti-Her-2 antibody was both the coat and a biotinylated
primary detection antibody. Patient serum or polyclonal anti-
bodies raised against TCMC-trastuzumab was the analyte.

In the presence of bivalent anti TCMC-trastuzumab antibodies,
the biotinylated trastuzumab antibody becomes linked to the
trastuzumab coat. HRP-streptavidin is then added to develop a
signal. Toxicity was defined using Common Terminology
Criteria for Adverse Events (version 4.03 National Cancer
Institute). Imaging interpretation and lesion measurements
from baseline (< 4 w pretreatment) and 6-week interval post-
treatment CT scans were performed as an independent review
by Imaging Endpoints (Scottsdale, AZ). Lesion measurements
were compared by pretreatment and posttreatment volumes as
a modification from RECIST criteria described in the original
study design that uses tumor diameter products.37 Levels of
standard tumor markers CA125 and CEA were obtained at
institution laboratories; commercially available kits were used
for other markers HE-4 (Fujirebio Diagnostics Inc., in vitro
diagnostics), Cancer antigen (CA 72-4) (TAG-72) (DRG
International, Research Use Only), SAA (Life Technologies,
Ruo), Mesothelin (Aviscera Bioscience Inc., Ruo), IL-6
(Abcam, Ruo). Serum for tumor markers was obtained pre-
treatment, at 6 weeks, and at additional timepoints for CEA
and CA125 in most patients. Statistical analysis used least
squares linear regression to fit the data.

RESULTS

Toxicity
Eighteen patients (age 46 to 83) treated at 6 dose levels

(7.4, 9.6, 12.6, 16.3, 21.1, 27.4 MBq/m2) were monitored for at
least 1 year or until death. Seventeen patients were treated at
the University of Alabama at Birmingham, and 1 colon cancer
patient was treated at the University of California at San
Diego. Sixteen patients were females with ovarian cancer and
2 males had colon cancer. Treatment was well tolerated. Mild
acute adverse effects were associated with the investigational
agent as previously presented for the initial 16 patients.18

Other than 2 patients who had transient abdominal pain asso-
ciated with agent plus saline administration, possibly related
adverse events were mainly grade 1, transient, asymptomatic
laboratory abnormalities that were not dose related.

The patients are numbered 1 to 18 by the order of treat-
ment. Monitoring of the enzymes lactic dehydrogenase (LDH),
alkaline phosphatase (AlkP), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and g glutamyltransferase
(GGT) showed no elevation among patients 2, 3, 7, 8, 12, 15,
16, 17, and 18. Table 1 shows the time and frequency of
patients who developed grade 1 liver function test elevations.
As shown in Table 1, 4 patients had elevations before treat-
ment and 6 others experienced elevation to grade 1 level after
treatment. These minor fluctuations did not appear dose
related; all except patient 14 were below dose level 5 and none
occurred at the highest dose level.

TABLE 1. Summary of Enzyme Abnormalities by Date

Patients With Enzyme Elevations

Week After Treatment LDH AlkP ALT AST GGT

Pretreatment 4, 5 1, 10 5
Week 1 4, 5, 6 1, 9, 14 11 5, 11 5
Week 4 4 1
Week 6 4 1, 14 14 13, 14 14

Each patient number is used for all times of grade 1 enzyme elevation from pretreatment to week 6.
AlkP indicates alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, g glutamyltransferase; LDH, lactic dehydrogenase.
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Whereas hematologic toxicity has been dose-limiting in
prior IP radionuclide conjugate studies, the mean platelet
counts, total white blood cell counts, and neutrophil counts
remained normal after a mean equivalent dose to marrow of
0.002 to 0.14 cGy/MBq. Only 2 patients had transient
decreased counts to grade 1 (platelets 142,000/mL, WBC 3500/
mL without neutropenia). Anemia was not tracked for toxicity
as 6 patients were anemic pretreatment with hemoglobin of 9.8
to 11.2 g/dL. The percent change at 6 weeks for these patients
was from a loss of 3.8% to a gain of 16.3%. Three of the 6 had
improvement to normal hemoglobin levels during that interval.

Four patients experienced periods of grade 1 creatinine
elevation (without proteinuria) associated with dehydration or
urinary tract obstruction as reported.18 Reducing the diuretic
regimen after patient 10 did not increase the serum levels of
radioactivity or result in renal toxicity. No late renal, liver,
hematologic (excluding anemia as noted above), cardiac, or
other toxicity has been observed with monitoring >1 year
despite additional therapy after the investigational agent.
Although all patients had disease progression in <8 months and
proceeded with additional treatment, none refused continued
monitoring. There were no clinical signs or symptoms of an
immune response, and assays to detect an immune response to
212Pb-TCMC-trastuzumab were negative for all 15 of 15 tested
(3 patients had no sample).

Tumor Marker Changes Compared With Clinical
Response

Blood levels of 7 tumor markers were studied and compared
with clinical outcome at 6 weeks posttherapy. CEA and CA125
continued to be obtained until progression. CEA increased with
disease progression in the 2 colon cancer patients but all the
ovarian cancer patients had levels that were within the normal
range both pretreatment and posttreatment. Other tumor markers
which are often associated with ovarian cancer, including CA125,
mesothelin, IL-6, SAA, and HE-4, did not correlate with imaging
outcome (Fig. 1). Only a TAG-72 had a pattern similar to that of
tumor growth changes. TAG-72 levels covered a wide range from
nearly 200% increase to 66% decrease 6 weeks posttherapy.
Compared with the imaging changes, the TAG-72 pattern had a

steeper slope and higher correlation coefficient with administered
level of radioactivity than did tumor growth (R2 for TAG-72 is
0.73 vs. 0.21 for CT) as shown in Figure 2. Five patients did not
have measurable tumor lesions (TL) and are not included in
Figure 2. Their clinical outcome is included in Table 2, which
shows a trend of less tumor growth, including regression, with
increasing administered radioactivity. All patients had pro-
gression of disease inside and/or outside of the peritoneal cavity
before 8 months but the majority lived >1 year, allowing mon-
itoring for late toxicity.

DISCUSSION
The single IP 212Pb-TCMC-trastuzumab infusion was

well tolerated with agent-related toxicities limited to grade 1
and the majority of them were asymptomatic, transient labo-
ratory abnormalities. Although there was no visualization of
radioactivity outside of the peritoneal cavity, blood collection
showed a rate of <1% to 22.9% transit in 24 hours.18 The
imaging and blood data allowed dosimetry calculations. These
found low radiation exposure to normal organs and a mean
tumor milieu to marrow ratio of >1000, as most of the radio-
activity decay took place in the peritoneal fluid.17

With >1 year of follow-up in the majority of patients
receiving IP 212Pb-TCMC-trastuzumab, no late toxicity has
been observed. The paucity of preclinical toxicity data allowed
dose escalation for 6 levels, which is the maximum that was
planned for this first-in-human study; further increase in dose
levels would have soon exceeded preclinical data and required
additional nonhuman primate studies.38 On the basis of this
initial clinical experience, 212Pb-TCMC-trastuzumab appears
safe for further study at the highest dose level tested or even
additional dose escalation. As IP a-emitter therapy should be
most effective for microscopic disease, the low toxicity should
allow it to be further studied in combination with other agents
or as an adjuvant after tumor reduction by standard therapies.
The transient early toxicities did not appear to be dose related.
The grade 1 leukopenia and thrombocytopenia occurred in
patients at dose groups 3 and 5. No drops in blood counts to
grade 1 were noted in the highest dose group, suggesting

FIGURE 1. Each data point represents the increase or decrease in
serum marker as percent change at 6 weeks compared with
baseline for individual patients. The change in markers is com-
pared with administered radioactivity in MBq/m2. Data points are
not shown when values were within normal limits.

FIGURE 2. Each data point represents a single patient who had
measureable lesions and TAG-72 >6 U/mL at baseline. The data
points are expressed as percent change from baseline. The lines
represent best fit from regression analysis. TAG-72 indicates
tumor-associated glycoprotein 72.
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factors other than radiation dose alone were associated with the
count levels posttherapy. Both of the affected patients had
pretreatment levels of only 12% above the lower limits of
normal such that a modest drop reached grade 1 level. As the
radiation dose to marrow was small at 0.002 to 0.14 cGy/MBq,
significant hematologic toxicity would not be expected and
was not observed.18 Six of 16 ovarian cancer patients were
anemic pretherapy and 3 had improvement to normal levels
even during the initial 6 weeks posttherapy. The early post-
treatment increase of hemoglobin would not have been
expected with higher, marrow-toxic, doses of radiation and
suggests incomplete recovery from toxicities of therapy before
administration of this investigational agent.

Both methods of index lesion measurement, individual
volume versus sum of lesion diameter products, showed a trend
of less tumor growth with increasing level of administered
radioactivity. The independent review shows more early patients
with progression than previously noted when pretreatment and
posttreatment comparison used the product of index lesion
diameter (Table 2).17,37 However, the later independent review

did not necessarily use the same index lesions, which con-
tributed to less than complete concordance of tumor growth
results from those previously reported.17 Although the optimal
tumor efficacy with a-emitters is proposed to be for microscopic
disease, regression was noted among various sized gross lesions.

Many investigators continue to seek serum tumor markers
to facilitate diagnosis and monitoring of therapeutic efficacy.
Although CA125 has become the standard marker for mon-
itoring antitumor effects in ovarian cancer, checking this alone
has not been rigorous enough to become a standard for diag-
nostic screening.39 Its use in conjunction with other serum
markers, plus additional factors, has been more helpful.30,40

Other potential markers under study for ovarian cancer include
IL-6, IL-8, kallikrein-10, mesolthelin, HE-4, and p53.41–44 Also,
SAA may be useful in serous subtype of ovarian carcinoma.45

In this study, several tumor markers were monitored to
determine their potential utility for noninvasive assessment of
therapeutic response. Although levels of the standard ovarian
cancer tumor marker CA125 did not have a strong relation to
outcome, CA125 may have been a better marker had the

TABLE 2. Comparison of Posttreatment Disease Status With Administered 212Pb Dose Level

Patient #

1

2

3

4

5

6

8

7

9

10

11

12

13

14

15

16

17

24 wks
post-dose

PD

SD

PD

18

6 wks
post-dose

PD

SD

PD

PD

PD

PD

PD

PD

PD

SD

SD/NC+

SD/NC+

SD/NC+

SD

SD/MR

SD/MR

SD

SD/NC+

12 wks
post-dose

PD

PD

SD/NC+

PD

PD

SD

SD/MR

SD/MR

SD

PD

Dose
(mCi/m2)

0.2

0.2

0.2

0.26

0.26

0.26

0.26

0.34

0.34

0.34

0.44

0.44

0.44

0.57

0.57

0.57

0.74

0.74

Comments

PD due to ascites

PD due to non-TLs and ascites

no TLs; PD due to ascites

New ascites

PD due to non-TLs

PD due to ascites at 5wk

new lesion at 6 wks

PD due to non-TLs

PD due to TL and non-TL and ascites

no TLs, new lesion at 12 wks

PD at 21 wks

PD due to TL & non-TLs

PD due to non-TLs and ascites

PD pleural effusion 12 wk 

New TL outside abdomen 30wk

Clinical PD 14 wk

PD at 24 wks due to ascites increase

Progression in TL

Progressive Disease: Measureable tumor lesions (TL) > 20% increase, new lesions or
clinical progression of non TL

Stable Disease: No change (NC) that qualifies as progression or response.

Stable Disease/ NC-:  0% to 10% reduction

Stable Disease/ NC+:  0% to 20% increase

Stable Disease/ Minor Response (MR): >20% reduction of TL.

PD

SD

SD/NC-

SD/NC+

SD/MR 

ND No diagnostic images at that time (ND).

The most current computed tomographic scan measurements were compared with baseline scan measurements using a modified RECIST 1.1.
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pretreatment level been obtained closer to the time to treat-
ment. With the measures of this noncancer specific protein
usually 2 to 4 weeks before therapy plus intervening manipu-
lation of the peritoneal cavity with catheter insertion and
treatment, the posttreatment levels may have been elevated by
factors other than tumor burden. One might expect that ele-
vation related to disruption by catheter placement and therapy
would have resolved by 6 weeks but further study would be
needed to seek relevant information for this determination.

HE-4 has also been studied as a tumor marker of ovarian
cancer. It has been more helpful for diagnosis than for mon-
itoring therapeutic response. HE-4 has most frequently been
used in conjunction with CA125 and other factors to dis-
tinguish ovarian cancer from a benign abdominal proc-
ess.40,46,47 The mucin-like TAG-72 is generally expressed on
adenocarcinomas and less frequently in other types of malig-
nancies.48–50 The only normal tissue with notable TAG-72
expression is secretory endometrium, which was not of con-
cern in this study as none of the patients had an intact ute-
rus.49,50 Tumor shedding of TAG-72 is common and may
allow potential noninvasive monitoring of tumor status via
blood levels,49 with the assumption that it correlates with
tumor burden in an individual patient. TAG-72 had the
strongest correlation with CT-monitored tumor changes of the
7 markers reported here. None of the other markers tested
showed a good correlation with increasing radioactivity or
clinical outcome. Although they have all been associated with
ovarian cancer, CA125 is the only marker robust enough to
routinely be used and it is not cancer specific. TAG-72 had a
relatively robust association with increasing administered
radioactivity, having a correlation coefficient of 0.73. On the
basis of that, plus its decreasing trend with decreasing tumor
growth, a dose/response relation with administered radio-
activity is suggested. Additional data are needed to confirm
this and to further investigate TAG-72 as a serum marker of
response to 212Pb-TCMC-trastuzumab. CEA is a serum marker
used as a standard in monitoring response to therapy in colon/
rectal cancer. We found it was helpful in the 2 colon cancer
patients in this study. CEA may be elevated, and thus is a
potential marker for monitoring other gastrointestinal malig-
nancies as well other malignancies of nongastrointestinal ori-
gin albeit in a smaller fraction of patients. In this study, all the
ovarian cancer patients had normal CEA levels pretreatment
and none experienced elevated levels at follow-up, even when
disease progression was noted from imaging and other markers
(TAG-72).

CONCLUSIONS
IP 212Pb-TCMC-trastuzumab up to 27.4 MBq/m2 appears

safe for further study and dose escalation. Serum TAG-72
monitoring is recommended as a potential tumor marker for
assessing antitumor effects in patients with ovarian cancer.
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